Histone deacetylase inhibitors (HDACi) can reverse chemoresistance, enhance chemotherapy-induced cytotoxicity, and reduce sarcoma proliferation in cell lines and animal models. We sought to determine the safety and toxicity of mocetinostat and its ability to reverse chemoresistance when administered with gemcitabine in patients with metastatic leiomyosarcoma resistant to prior gemcitabine-containing therapy. Participants with metastatic leiomyosarcoma received mocetinostat orally, 70 mg per day, three days per week, increasing to 90 mg after three weeks if well tolerated. Gemcitabine was administered at 1,000 mg/m 2 intravenously at 10 mg/m 2 /minute on days five and 12 of every 21-day cycle. Disease response was evaluated with CT or MRI. Twenty participants with leiomyosarcoma were evaluated for toxicity. Median time to disease progression was 2.0 months (95% CI 1.54-3.12). Eighteen participants were evaluated for radiologic response by RECIST 1.1. Best responses included one PR and 12 SD. Tumor size reduced in 3 patients. Most common toxicities were fatigue, thrombocytopenia, anemia, nausea, and anorexia. One patient experienced a significant pericardial adverse event. No study-related deaths were observed. Rechallenging with gemcitabine by adding mocetinostat was feasible and demonstrated modest activity in patients with leiomyosarcoma. Further studies are needed to better define the role of HDAC inhibitors in patients with metastatic leiomyosarcoma.
Introduction
Leiomyosarcoma is a relatively common histologic subtype of soft tissue sarcoma that is usually incurable after development of metastasis [1] . Although cytotoxic chemotherapies such as doxorubicin [2] [3] [4] , gemcitabine [5] [6] [7] , and docetaxel [5, 8] can provide temporary benefit in some patients with metastatic leiomyosarcoma, these agents have modest clinical effectiveness [9, 10] . While gemcitabine does have single agent activity in leiomyosarcoma, combining docetaxel with gemcitabine yielded improvements in response rates, as well as progression-free and overall survival [11] [12] [13] [14] [15] . e most recent agents approved by the FDA for treatment of this disease include the multityrosine kinase inhibitor, pazopanib (Votrient), and a DNA binder, trabectedin (Yondelis) [16] [17] [18] . Neither of these drugs was shown to improve overall survival [19, 20] . erefore, more effective treatments are needed.
We were interested in the role histone acetylation/ deacetylation plays as a potential treatment strategy for sarcomas that are typically insensitive to traditional chemotherapeutic agents. Transcriptionally active genes are associated with hyperacetylated chromatin, while transcriptionally silent genes are associated with hypoacetylated chromatin [21, 22] . Chromatin acetylation is controlled by the opposite effects of two families of enzymes: histone acetyltransferases (HATs) and histone deacetylases (HDACs). HATs, as transcription coactivators, catalyze the addition of acetyl groups on the amino group of lysine residues in the N-terminal tails of core histones. Conversely, HDACs, as transcription corepressors, remove the acetyl groups from the acetylated lysines in histones [23] . Deregulation of HDAC activity can cause malignant diseases in humans [24] .
Small molecule inhibitors of HDACs have emerged as a therapeutic class of molecules with anticancer potential [25, 26] . Anticancer activity of HDACi is mediated by regulating aberrant gene expression at the transcriptional level in cancer cells. ese gene expression changes lead to inhibition of proliferation, induction of apoptosis, and/or cell differentiation in cancer cells in vitro and in vivo. Inhibitors of histone deacetylase (HDACi) have demonstrated preclinical activity in sarcoma models [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , and there have been anecdotes of patients with sarcoma responding to HDACi therapy [37] . ere has been recent interest in using HDACi as synergistic therapy with chemotherapy for sarcomas [28, [38] [39] [40] [41] [42] [43] [44] [45] [46] . We have recently completed a phase I study of an HDACi with chemotherapy in patients with metastatic sarcoma [47] .
Histone deacetylase inhibitors have been observed to enhance apoptosis of cancer cells induced by several chemotherapeutic agents including gemcitabine [43, [48] [49] [50] [51] [52] [53] . Mocetinostat (MGCD0103) is an orally bio-available drug that has significant antitumor activity in vivo against a broad spectrum of human cancer types, and antitumor activity is achieved at clinically achievable doses [54] [55] [56] . Mocetinostat interacts synergistically with gemcitabine to inhibit cancer cell growth in vitro and in vivo [54, 56, 57] . ese results suggest that a combination regimen with the HDAC inhibitor mocetinostat and gemcitabine may be a valuable therapeutic strategy to reverse chemoresistance in patients with gemcitabine-resistant leiomyosarcoma.
Materials and Methods
e study was an open label multicenter Phase II trial conducted as a part of the SARC (Sarcoma Alliance for Research through Collaboration) SPORE grant (U54CA168512) and registered on clinicaltrials.gov under the NLM identifier NCT02303262. e study protocol and consent forms were reviewed and approved by each of the participating institutions' institutional review boards. All patients participated in informed consent procedures prior to screening for eligibility. e patient group was comprised of adult patients who were diagnosed with leiomyosarcoma. As all patients were enrolled at academic centers of sarcoma excellence participating in the SPORE project, no central re-review of pathology was required.
ese patients had previously demonstrated disease progression by RECIST 1.1 either while receiving gemcitabine or within six months after completing a course of chemotherapy using a gemcitabine-based regimen. No limits on numbers of prior therapy were required for study entry.
After participants were confirmed eligible to participate in the study, each received 70 mg mocetinostat (provided by Mirati erapeutics, Inc.) per day for three days per week in combination with gemcitabine, administered at 1000 mg/m 2 at a rate of 10 mg/m 2 /minute [58] [59] [60] on days five and 12 of each 21-day cycle. e dose for mocetinostat was escalated to 90 mg/dose starting with cycle two if no grade three or four clinically significant toxicities or any new pericardial effusions were observed during the first cycle.
Because pericardial adverse events have been reported with mocetinostat treatment, participants underwent ECG screening on days one, five, and 12 of the first cycle, and cardiac ultrasound at screening, day 12 of cycles one and two, and before each subsequent cycle of therapy.
Study participants underwent CT imaging of the chest, abdomen, and pelvis prior to beginning cycle one and then every two cycles until disease progression; at which point, they were removed from study treatment.
All patients (including those who discontinued early) were followed for adverse events from enrollment into the study to at least 30 days after removal from the study or until death. e participants who were removed from study for unacceptable adverse events were followed until resolution or stabilization of the adverse event.
Statistical Design.
is study was designed as a two-stage phase II clinical trial. Analysis was planned to be performed after 20 patients were enrolled (completion of stage I) to determine whether an additional 20 patients (stage II) should be enrolled. e primary objective of the study is to determine the rate of tumor response to treatment with mocetinostat and gemcitabine. Response to therapy was assessed by CT or MRI using RECIST 1.1 criteria. Response rates (CR or PR) were calculated as the number of patients 2 Sarcoma achieving a response divided by the number of patients having been evaluated for response. 95% confidence intervals (CI) based on the binomial distribution were calculated. e Kaplan-Meier estimator was used to summarize the progression-free survival (PFS).
We would have considered combination therapy with mocetinostat and gemcitabine to be worthy of further evaluation if the true response rate was >20%, with the null hypothesis being that a <5% response rate would be seen with an ineffective treatment. Assuming that the number of successes is binomially distributed, this study had a one-sided alpha of 0.05 and a power of 0.92 for detecting a true clinical benefit rate of at least 20% versus the null hypothesis of 5% or less. is translated to a decision rule that the second stage of patients would be accrued if one or more responses (CR or PR) were seen in the first 20 patients. e treatment regimen would have been declared worthy of further study if five or more out of 40 patients had a response.
All patients who had initiated treatment were considered evaluable for adverse event analysis. e maximum grade of each adverse event was recorded for each patient and frequency tables for each adverse event observed were generated.
Results
A total of 20 patients (all with prior tumor growth after gemcitabine-containing therapy) were enrolled across five participating sites during the first stage.
ere were 18 patients evaluable for radiologic response. Eight of these patients had uterine leiomyosarcoma. Two patients withdrew consent prior to being evaluated for response. Reasons for withdrawal were to initiate hospice care and to avoid further adverse events the patients were experiencing. Table 1 displays patient demographics and other characteristics at baseline. e median age was 57.5 years old (range: 39-71 years old). All patients had metastatic sarcoma at the time of enrollment in the trial and had been previously treated with a gemcitabine-containing regimen.
All patients received at least one dose of mocetinostat and were evaluable for adverse events. A summary of adverse events (AEs), regardless of treatment attribution, is given in Table 2 . Overall, 18 (90%) patients experienced a grade three or four AE: 11 (55%) patients experienced a nonhematological and 14 (70%) experienced a hematological grade three or four AEs. e most common AEs were fatigue, thrombocytopenia, anemia, and neutropenia. No study-related deaths were observed. Six patients had trace to minimal pericardial effusions. One patient had a small pericardial effusion, which was grade two. One patient experienced grade three pericardial adverse events. is was a 46-year-old woman who was hospitalized after grade three pericardial effusion which was seen on cardiac ultrasound on cycle one, day 12. is resulted in pericarditis, early cardiac tamponade, and pleural effusions. A summary of significant cardiac ultrasound findings is given in Table 3 .
In the 18 participants evaluable for radiologic response, there was one PR (seen in a patient with uterine leiomyosarcoma), five PD (two with uterine leiomyosarcoma, two with leiomyosarcoma in the peritoneum, and one in the retroperitoneum), and 12 SD (five of these patients had uterine leiomyosarcoma, two had renal leiomyosarcoma, and five with others) as best response (Figure 1) , with two participants completing five cycles or more.
e median progression-free survival was two months (95% CI: 1.5 to 3.1) (Figure 2 ). In the one participant who did experience a PR, her target lesion was a single lung nodule. When a study-required postdrug biopsy was attempted, she experienced a clinically significant pulmonary bleed that required ICU support. Although she eventually recovered from this episode, another lung biopsy was not attempted due to safety concerns.
erefore, pathologic evaluation to confirm metastases and evaluate pharmacodynamic parameters was not possible. Given this uncertainty and the limited clinical benefit, if any, that was observed for this patient, SARC and Mirati erapeutics, Inc. determined that the modest response rate observed at interim analysis did not justify further enrollment, and the study was halted after completion of the first stage.
Discussion
Numerous clinical trials have been performed to identify clinical activity of HDAC inhibitors in patients with solid tumors. Although HDAC inhibitors have shown success in preventing graft versus host disease (GVHD) [61] and treating patients with T-cell lymphoma [62] and multiple myeloma [63, 64] ; to date, no study has shown significant benefit in patients with solid tumors [65, 66] . We sought to explore the potential for HDAC inhibition to reverse chemoresistance based on promising results seen in animal models of leiomyosarcoma. We chose mocetinostat as our model HDAC inhibitor because prior preclinical studies have shown synergy with gemcitabine [52] as measured by in vitro growth inhibition and apoptosis of PANC1 and BxPC3 pancreatic cancer cells. In a phase I/II study of mocetinostat and gemcitabine in patients with refractory solid tumors [67] , the maximum tolerated dose of mocetinostat was 90 mg per dose, three doses per week, when administered with 1000 mg/m 2 gemcitabine, given weekly for three weeks in every 28-day cycles. DLTs included fatigue, abdominal pain, deep vein thrombosis, diarrhea, nausea, mental status change, thrombocytopenia, and vomiting. e phase II portion of this study focused on patients with pancreatic cancer.
is dose and schedule of administration for our current study was modified from this previously conducted phase I/II study. e timing of administration of gemcitabine was modified to days 5 and 12 in order to ensure patients were predosed sufficiently with mocetinostat to allow for concurrent drug exposure to tumor cells. e previously published study administered gemcitabine on day 1 of each week. Given the short half-life of gemcitabine, this would not have allowed for prolonged coexposure of tumor cells to both agents simultaneously. Additionally, the prior study reported that 81% of all patients experienced grade 3 or greater treatment-related adverse events. erefore, in designing the current study, we opted to start with a lower dose of mocetinostat at 70 mg for one cycle to evaluate tolerability Sarcoma 3 before advancing to the MTD/RP2D dose of 90 mg reported in the prior study.
To show the relative benefits of adding mocetinostat to gemcitabine therapy would involve a large randomized clinical trial that would have been logistically challenging in sarcoma.
erefore, we initially focused our study on the selected patients who already demonstrated chemoresistance to gemcitabine. In such a cohort of patients, even a small number of tumor responses to therapy would be a significant proof of principle that mocetinostat could reverse chemoresistance as the null hypothesis is that no responses would be seen if mocetinostat was an inactive drug. is allowed us to test a relatively modest-size cohort for the proof of concept that mocetinostat would reverse gemcitabine chemoresistance.
We enrolled only patients with metastatic leiomyosarcoma who progressed either during treatment with gemcitabine or within six months of completing treatment with gemcitabine. e adverse events that we observed were largely expected and observed in prior clinical trials using mocetinostat. Pericardial SAEs, for example, were seen in 19 cases (4.3%) of the 435 patients who had previously received mocetinostat prior to this study. Based on this finding, we incorporated frequent cardiac ultrasound monitoring to be performed at screening, during cycle one, and at every cycle of the study. e current study observed six cases of trace to minimal and clinically insignificant pericardial effusion, one case of grade 2 pericardial effusion (listed in Table 3 ), and one case of significant grade 3 pericardial effusion that led to pericarditis and cardiac tamponade (listed in Table 3 ).
Overall, in the context that the subjects had metastatic disease that would be universally fatal unless an effective treatment can be identified, we found that the combination of mocetinostat and gemcitabine was relatively well tolerated. However, the median progression-free survival for participants was short, and we did not observe significant response rates as determined by RECIST.
Conclusions
Although we showed that mocetinostat can be safely combined with gemcitabine in this study population, our study did not demonstrate that mocetinostat can reverse chemoresistance in patients with previously established gemcitabine-resistant leiomyosarcoma. However, we studied only patients with metastatic leiomyosarcoma who had previously progressed on a gemcitabine-containing chemotherapy regimen. As these patients were selected for their chemoresistant tumor characteristics, our study observations do not negate a potential role for HDAC inhibitors as a synergistic mechanism in chemotherapy naïve patients or for patients with other solid tumors. As several minor responses were seen in this study, additional studies are needed to better define a role for HDAC inhibitors in patients with sarcoma.
Data Availability
e data used to support the findings of this study are available from the corresponding author upon request.
Disclosure
e content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.
Conflicts of Interest
Dr. Ballman reports grants from SARC Foundation during the conduct of the study. Dr. Choy reports grants from NCI during the conduct of the study and is a paid consultant for EMD Serrono, Daiichi, Amgen, and Bayer. Dr. S. Patel reports grants and personal fees from Janssen, grants and personal fees from Eisai, grants and personal fees from Morphotek, personal fees from EMD-Serono, personal fees from CytRx, personal fees from Bayer, personal fees from Eli Lilly, personal fees from Epizyme, and personal fees from Novartis, outside the submitted work. Dr. Chugh reports grants and others from Epizyme, Inc, others from EMD Serano, grants from AADi, grants from Novartis, grants from Lilly, grants from Medivation, Pfizer, grants from Morphotek, and grants from Mabvax, outside the submitted work. * " are those with progressive disease in the study. "PR" means partial response. e dotted lines indicate a 30% reduction and 20% increase from baseline, which are the cutoff points that determine partial response and progressive disease, respectively. e value for each vertical bar is added. 6 Sarcoma
References

